Neonatal brachial plexus palsy (NBPP) results in reduced function of the affected arm with profound ramifications on quality of life. Advances in surgical technique have shown improvements in outcomes for appropriately selected patients. Patient selection, however, remains difficult. OBJECTIVE: To develop a decision algorithm that could be applied at the individual patient level, early in life, to reliably predict persistent NBPP that would benefit from surgery. METHODS: Retrospective review of NBPP patients was undertaken. Maternal and neonatal factors were entered into the C5.0 statistical package in R (The R Foundation). A 60/40 model was employed, whereby 60% of randomized data were used to train the decision tree, while the remaining 40% were used to test the decision tree. The outcome of interest for the decision tree was a severe lesion meeting requirements for surgical candidacy. RESULTS: A decision tree prediction algorithm was generated from the entered variables. Variables utilized in the final decision tree included presence of Horner's syndrome, presence of a pseudomeningocele, Narakas grade, clavicle fracture at birth, birth weight >9 lbs, and induction or augmentation of labor. Sensitivity of the decision tree was 0.71, specificity 0.96, positive predictive value 0.94, negative predictive value 0.79, and F1 score 0.81. CONCLUSION: We developed a decision tree prediction algorithm that can be applied shortly after birth to determine surgical candidacy of patients with NBPP, the first of its kind utilizing only maternal and neonatal factors. This conservative decision tree can be used to offer early surgical intervention for appropriate candidates.
N
eonatal brachial plexus palsy (NBPP) occurs in approximately 0.5 to 3 per 1000 live births. [1] [2] [3] [4] The injury occurs before, during, or after labor and parturition as a result of a stretching of the nerves of the brachial plexus. A number of risk factors for the incidence of NBPP have been identified. However, the most important question for practitioners treating patients with NBPP, including physiatrists and nerve surgeons, is whether or not the neurological injury and resultant deficits will be persistent. Answering this question helps the treating practitioner determine whether ABBREVIATIONS: CT, computed tomographic; MR, magnetic resonance; NBPP, neonatal brachial plexus palsy or not surgical intervention will be potentially helpful in aiding arm function of the patient. Until recently, studies had examined risk factors for incidence, but incidence and persistence are really separate questions. We, along with others, have identified several risk factors for persistent NBPP including cephalic presentation, induction or augmentation of labor, birth weight >9 lbs, and the presence of Horner's syndrome. [5] [6] [7] [8] We also identified cesarean delivery and Narakas grade I/II injury as reducing the likelihood of NBPP persistence. 5 Except in the case of flail arm, the decision to operate is a difficult one, with no consensus guidelines. The decision is made more difficult by the fact that 2 competing interests are at play. On the one hand, practitioners try to allow enough time to prove that the injury will be persistent rather than resolve spontaneously, but on the other hand, earlier intervention may be associated with improved outcomes. 9 Thus, ideally there would be a decision algorithm that, rather than relying on serial physical examinations, would incorporate maternal and neonatal factors and could be applied early in life to reliably predict those patients who are likely to have persistent NBPP and would benefit from surgery. While the identification of risk factors for persistence is useful data, it is population-based data that cannot be applied to the individual patient presenting for surgical evaluation. Our objective was to develop a decision algorithm that could be applied at the individual patient level, early in life, in order to reliably predict persistence of NBPP that would benefit from surgery. Validation of this algorithm has the potential to allow earlier intervention with associated improved outcomes, while avoiding unnecessary surgery in those patients unlikely to have a persistent injury severe enough that surgery would be beneficial.
METHODS

Study Design
Data were obtained from the Interdisciplinary Brachial Plexus Program data repository, and included patients evaluated for NBPP between July 2005 and June 2015. The data set analyzed was the same data set utilized in our previous study. 5 This retrospective cohort study was approved by the Institutional Review Board. Due to the retrospective nature of the study, consent was not sought for inclusion, and the need for consent was waived by the Institutional Review Board.
Outcome of Interest
The outcome of interest was persistent NBPP for which surgery was recommended according to the University of Michigan NBPP Treatment Pathway (Figure 1 ). Of note, this differs significantly from our previous analysis where a strict definition of persistence was used. 5 For this study, patients were reclassified as either meeting the criteria to have surgery recommended or not meeting the criteria. Serial physical examination data were used to determine surgical candidacy according to the NBPP Treatment Pathway. Whether surgical intervention actually took place did not factor into the classification. Patients without sufficient physical examination data to implement the treatment pathway and determine surgical candidacy were excluded from the study.
Statistical Analysis
R statistical software was used to generate a decision tree utilizing the C5.0 algorithm. 10, 11 A 60/40 model was employed, whereby the data were randomized and 60% were used to generate the decision tree (training data) and the remaining 40% were used to test and validate the decision tree that was generated (test data). The sensitivity [true positives/(true positives + false negatives)], specificity [true negatives/(true negatives + false positives)], positive predictive Table 1 shows the number of patients that had each specific data point available for analysis. For Narakas grading, the neurological examination was assessed at first evaluation in the brachial plexus clinic and then applied to the originally described Narakas scale. This deviates from the originally described Narakas grading in that the scale was not necessarily applied at 2 to 3 wk postdelivery as described by Narakas and recommended by Birch. 12, 13 Univariate logistic regression analysis was performed analyzing the ability of the outcome of the decision tree prediction algorithm to predict surgical candidacy according to the University of Michigan NBPP Treatment Pathway. P < .05 was considered significant.
C5.0
The C5.0 algorithm works on the principal of maximizing normalized information gain to select attributes that optimally divide the total population. To create the first node, the software takes the first attribute and uses it to split the total population into target outcome-based groups-in this case, NBPP patients for whom surgery was recommended vs those for whom surgery was not recommended due to sufficient spontaneous recovery-and calculates the normalized information gain ratio for the given attribute. It uses an iterative process to calculate the normalized information gain ratio for each possible attribute and selects the attribute with the highest normalized information gain. It then takes the remaining population and repeats this process to create subsequent nodes, selecting the attribute with the highest normalized information gain for each node in the final decision tree. The algorithm uses a process of boosting and winnowing in order to optimize and improve the accuracy of the decision tree.
RESULTS
A total of 382 patients were evaluated in the Interdisciplinary Brachial Plexus Program clinic during the study period. Sufficient serial physical examination data to evaluate patient surgical candidacy according to the University of Michigan NBPP treatment pathway were available for 333 patients; the remaining 49 patients were excluded from the study. The 49 excluded patients presented after 6 mo of age and were not able to be classified based on the treatment pathway. Overall, 145 (43.5%) patients were classified as surgical candidates, while 188 (56.5%) patients were classified as nonsurgical candidates.
Variables were entered into the C5.0 statistical package in R for 60% of the randomized data (training data). Variables included in the final decision tree (Figure 2 ) included presence of Horner's syndrome, presence of a pseudomeningocele, Narakas grade, clavicle fracture at birth, birth weight >9 lbs, and induction or augmentation of labor. The following are examples of how to utilize the decision tree using 2 test patients. Test patient 1 does not have Horner's syndrome, has not had imaging so pseudomeningocele status is unknown, has a Narakas grade III injury, did not have a clavicle fracture at birth, had a birth weight of 7 lbs, and underwent pharmacologic induction of labor. Test patient 2 does not have Horner's syndrome, has no pseudomeningocele on imaging, has a Narakas grade III injury, had a clavicle fracture at birth, had a birth weight of 10 lbs, and had no induction or augmentation of labor. For test patient 1, we follow the decision tree and with no Horner's syndrome present, we look at pseudomeningocele status; with pseudomeningocele status unknown, we look at Narakas grade; with a Narakas grade III injury, we look at whether a clavicle fracture occurred; no clavicle fracture occurred, so we look at birth weight; the birth weight was 7 lbs, so we look at whether induction or augmentation of labor occurred; since pharmacologic induction occurred, the decision tree predicts surgical candidacy. For test patient 2, there is no Horner's syndrome present, so we look at pseudomeningocele status; there is no pseudomeningocele on imaging, so we look at Narakas grade; with a Narakas grade III injury, we look at whether a clavicle fracture occurred; the patient had a clavicle fracture at birth, so the decision tree predicts surgical candidacy.
The training data were then sorted by the decision tree that was generated. Figure 3 shows the results of putting the training data through the decision tree and the accuracy of each node. The remaining 40% of the data (test data) were used to test the decision tree ( Table 2 ). The sensitivity of the decision tree was 0.71, specificity 0.96, positive predictive value 0.94, negative predictive value 0.79, and F1 score 0.81. A Receiver Operating Characteristic curve was created for the test data (Figure 4) . The area under the curve was 0.78.
Univariate logistic regression analysis was performed, analyzing the patients in the test data set. Patients for whom the decision tree prediction algorithm predicted surgery were 56.7 (95% confidence interval 18.1-253.0; P <.001) times more likely to actually be surgical candidates according to the University of Michigan NBPP Treatment Pathway compared to those patients for whom the decision tree prediction algorithm predicted no surgery.
DISCUSSION
With advances in surgical techniques, the door has been opened to improved outcomes via surgical intervention for patients with NBPP. This has made the decision-making process significantly more difficult for clinicians evaluating and treating these patients. Whereas until the 1990s NBPP was considered a nonsurgical condition, now the clinician is faced with the dilemma of determining which patients are likely to benefit from surgical intervention and which are likely to resolve spontaneously to the point that the natural recovery process outpaces any possible surgical intervention. These injuries are not infrequent, occurring in up to 3 per 1000 live births. [1] [2] [3] [4] Some existing data suggest that the incidence is decreasing in the United States, but it continues to occur at a not infrequent rate. 4, 14 The objective of this study was to develop a decision tree predictive algorithm for early determination of surgical candidacy in patients with NBPP. We generated a prediction tree that, rather than relying on serial physical examination alone, uses combined maternal and neonatal factors to allow application shortly after birth.
Currently, there are no consensus guidelines available to determine the appropriateness of surgical intervention. Most clinicians use a combination of imaging, electrodiagnostics, and serial physical examination findings when the patient is between 3 and 6 mo of age to determine whether surgery is indicated. One attempt at earlier dichotomization was successful at predicting severe lesions at 1 mo of age, based on a combination of clinical examination findings and electrodiagnostics. This combination of studies was unsuccessful at earlier time points, however. 15 Data have shown that nerve reconstruction improves motor outcome in comparison to the natural history when biceps function has not recovered by 4 mo of age. 9 What is not clear is the optimal timing or method of nerve reconstruction. [16] [17] [18] [19] This is especially true given that the indications for primary nerve surgery may need to expand as we further understand the natural history of NBPP, such as when biceps recovery is adequate but shoulder function recovery is poor. 20 NBPP also has significant effects outside the realm of motor function. NBPP has effects on limb preference/use, language development, and emotional/behavioral outcomes, to name a few. [21] [22] [23] What remains to be seen is whether early intervention has any effect on these functional domains. In order to potentially move surgical intervention to an earlier time point, a strategy must be developed that can dichotomize patients into surgical candidates that will not spontaneously recover and patients likely to spontaneously recover who should be managed nonoperatively, and this strategy must be able to be employed early in life. We believe we have accomplished this by developing our current decision tree prediction algorithm. The decision tree generated here utilizes only factors that can be obtained shortly after birth and is the first to combine a set of maternal and neonatal factors into a decision algorithm. To fully employ the decision tree, the necessary components include the birth record, a physical examination after birth, and a highresolution MR myelogram or CT myelogram. The final variables included in the decision tree were presence of Horner's syndrome on physical examination, presence of a pseudomeningocele on imaging, Narakas grade of injury, presence of a clavicle fracture at birth, birth weight, and utilization of induction or augmentation of labor. The only included factor that may alter the practice pattern of most clinicians would be routinely obtaining a high-resolution MR myelogram or CT myelogram for all NBPP patients being evaluated. This may argue for obtaining imaging and implementing this decision tree at 3 mo of age for those patients who have not already spontaneously recovered.
The decision to operate is a question not of incidence of NBPP but rather of persistence of NBPP. We have previously identified risk factors for persistent NBPP. 5 While these population-based data are useful for determining which patients are likely to have persistent NBPP in a general sense, these data are not applicable at the individual patient level. This is the advantage of the decision tree prediction algorithm developed here. This decision tree can be applied at the individual patient level and predicts surgical candidacy for the patient being evaluated. For the first time, a clinician faced with deciding whether a patient will go on to have persistent NBPP and benefit from surgery can now make a datadriven decision by applying this decision tree.
The ideal prediction algorithm would have both a high positive predictive value and negative predictive value. However, a conservative prediction algorithm would have a high positive predictive value and the negative predictive value would be less important. The decision tree generated here fits this description with a high positive predictive value (94%) and a moderate negative predictive value (79%). What this means is that when the decision tree predicts surgical candidacy, it is highly accurate and unnecessary surgery would be performed only a small percentage of the time. Having a moderate negative predictive value means only that when the decision tree predicts no surgery, the patient must be followed for 6 mo as is currently being done, since they may still later fall into the surgical category a significant percentage of the time. Thus, having a moderate negative predictive value only means that early nerve surgery cannot be performed for those patients but no unnecessary surgery is performed, and these patients would continue to get the current typical evaluation for surgery. The decision tree developed here could certainly be improved upon, particularly the negative predictive value, but represents a conservative decision tree, which is ideal as a preliminary prediction method to be subsequently improved upon. An aggressive prediction algorithm that leads to myriad unnecessary surgeries is not an appropriate baseline for later improvement.
Limitations
Several shortcomings of the current decision tree present opportunities for future improvement. First, the decision tree was generated without complete records for every patient; complete records would likely improve the decision tree. One example where lack of complete records is likely evident is the Narakas grade branch in the decision tree. Not all patients with Narakas grade I/II injuries who do not have pseudomeningoceles on imaging will spontaneously recover, but that is what the decision tree would suggest. Narakas grade only quantifies the extent of injury but does not in any way indicate severity of the injury to involved segments of the brachial plexus. For example, a mild, neurapraxic injury to C5-7 would be a Narakas grade II injury likely to recover, but avulsion of C5 and C6 would be a Narakas grade I injury with no chance of spontaneous recovery. In addition to this decision tree branch incorrectly predicting lack of surgical appropriateness at a reasonable frequency (Figure 3) , it is also likely reflective of incomplete records. Narakas grade was unknown for a number of patients, and having the complete set of data would likely help reflect reality, which is that Narakas grade I/II patients do not all spontaneously recover. Despite this, Narakas grade I/II patients are more likely to spontaneously recover than Narakas grade III/IV. Thus, this reflects the conservative nature of the decision tree, since it predicts no surgery for the population of patients that is, in fact, more likely to recover.
The decision tree also does not incorporate any physical examination findings that occur in a delayed fashion, such as physical examination at 1 or 3 mo of age. Given that ultraearly surgical intervention has not been shown to improve outcomes to this point, it may be that incorporation of physical examination findings, such as simple motor grading, motor grading systems such as the Active Movement Scale, or specific tests such as the cookie test at 3 mo, may improve the positive and negative predictive value of the decision tree while still allowing for early intervention and potential for the associated improved outcomes. 24, 25 It may also be possible to combine this decision tree with the decision tree proposed by Malessy and colleagues 15 that utilized physical examination and electrodiagnostic findings at 1 mo. Future versions of the decision tree will likely be improved by having complete records and by incorporating early physical examination findings and/or electrodiagnostic testing.
The final limitation is the use of the University of Michigan NBPP Treatment Pathway as the basis of determining surgical candidacy. This treatment pathway has not been validated against the natural history of NBPP. As a result, the decision tree algorithm created here predicts surgical candidacy according to the treatment pathway, but due to the lack of validation it cannot be concluded that the decision tree algorithm predicts those patients for whom surgery will improve upon the natural history. The 2 main decision points for surgery in the University of Michigan NBPP Treatment Pathway are the presence of a flail limb or a lack of biceps function at 6 mo. While the specific pathway has not been validated against the natural history, a lack of biceps function at 6 mo has been shown to correlate with abnormal upper extremity motor function. Patients with a flail limb and those not recovering biceps function by 6 mo of age have been shown to have better outcomes with surgical management than nonsurgical management. 9, 26 On this basis, we believe, but cannot firmly conclude, that the decision tree produced here will predict patients for whom surgery will outpace the natural history. To more directly address this, however, either the University of Michigan NBPP Treatment Pathway could be validated against the natural history in the future or future iterations of the decision tree could use a validated predictor such as the Toronto Movement Scale.
CONCLUSION
We developed a decision tree prediction algorithm that can be applied shortly after birth to determine surgical candidacy of patients with NBPP, the first of its kind utilizing only maternal and neonatal factors. It is a conservative prediction algorithm with high positive predictive value and moderate negative predictive value. This decision tree can be utilized to offer early surgical intervention for appropriate candidates to determine if such intervention improves long-term outcomes. While the conservative nature of the decision tree is advantageous for the first iteration, future iterations of the decision tree will likely have improved positive and negative predictive value with incorporation of complete records and early physical examination findings and/or electrodiagnostic studies. Disclosure 0.94, with a negative predictive value of 0.79, which indicates a conservative algorithm. The authors correctly propose the algorithm as a guideline, which may assist in the decision to take these children to surgery. The authors point out in the discussion that unlike clinical exam findings such as the Toronto Active Movement Scale, or "cookie test" which are associated with physical exam findings at 3-6 months, the current algorithm is designed to provide predictive value based on information present just following birth. The authors correctly state that, to date, operating very early (less than 3 months) has, to this point, not been shown to improve outcomes, and they go on to indicate that the algorithm could likely be improved by incorporation of these physical exam findings over time, which would likely close the gap and improve the negative predictive value of 79%, which is the single biggest criticism of version #1 of the algorithm. This work represents a solid contribution and another tool in the armamentarium used by neonatal brachial plexus surgeons in their decision tree as they work with infants and their families to come to the right decision regarding the role and timing of surgery, especially at very early timepoints. One minor implication from the algorithm is that patients with a Narakas grade III or IV injury with a clavicle fracture would necessarily be indicated for surgery, which appears not to have been reported previously.
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